Prototype devices capable of variable attenuation at a fixed wavelength, wavelength tuning at a constant attenuation, and combinations of these spectral characteristics are demonstrated in CO 2 laser-induced long-period fiber gratings ͑LPFGs͒. These devices are based on controlled flexure by means of a piezoceramic platform. CO 2 laser-induced LPFG characteristics along with the fabrication and testing processes of these gratings are discussed. Devices with a optical attenuation of 13 dB and a wavelength tuning of 7 nm are reported.
Introduction
The demand for active spectral components has grown significantly in response to expanding wavelengthdivision-multiplexing networks. Improving these active components contributes to enhancing network speed, capacity, and reliability. Among the needed active optical components are variable optical attenuators ͑VOAs͒ and optical tunable filters ͑OTFs͒. VOAs are widely used in applications such as channel balancing, optical gain control, wavelength tagging, channel blanking, and for equalization of wavelengthdivision-multipleting channels before they are combined in fiber ͑preemphasis͒. OTFs are used in many applications such as band-stop filters, add-drop multiplexers and demultiplexers, and dispersion compensators.
Many different technologies and approaches have been used to produce reliable VOAs, but only a few have combined features such as simplicity, robustness, and low cost. Mechanical attenuators based on beam blocking, such as a sliding blade, have excellent optical characteristics but also have complex design, high cost, a relatively large size, and slow response time ͑0.5-1 s͒. Planar waveguide thermooptic VOAs have a better response time but with only moderate dynamic range. 1 Liquid-crystal attenuators have similar speed and dynamic range performance as waveguide thermo-optic VOAs. 2 Some of these limitations are overcome by the microelectromechanical system VOAs. 3 Another design of VOAs is based on electro-optic attenuation by alteration of the index of refraction of an electro-optic material by use of an applied electric field. 4 In addition, VOAs having high dynamic range and fast switching speeds based on acousto-optics have been recently demonstrated. 5 Many different structures are used to produce OTFs such as beam interference structures ͑e.g., FabryPerot resonator, Mach-Zehnder resonator, and ring resonator͒ and mode coupling structures ͑e.g., acoustooptic, electro-optic, magneto-optic filters͒. In addition, grating structures, such as diffraction gratings, fiber Bragg gratings, and long-period fiber gratings ͑LPFGs͒, are used to produce OTFs.
In recent years LPFGs have become more widely used in optical fiber communications and in sensing applications. 6 -9 The low backreflection along with ease and flexibility of manufacture are some of the inherent advantages of LPFGs. Furthermore, fibergrating-based optical components have many advantages such as all-fiber geometry, low insertion loss, and low cost. CO 2 laser-induced LPFGs have been suggested for VOA and OTF devices 10 ; however, no prototype devices have been demonstrated in either case. Here we demonstrate, for the first time to our knowledge, VOA and OTF prototype devices based on controlled flexing of LPFGs.
The fabrication configuration and process used for writing LPFGs using a CO 2 laser and the characteristics of these gratings are briefly described to illustrate the grating characteristics that contribute to realizing the prototype devices. Next, the testing process used to identify suitable gratings for VOA and OTF prototype devices is presented. Then, the configuration of prototype devices based on controlled flexure of CO 2 laser-induced LPFGs using piezoceramic actuators is described. Finally, variable attenuation, wavelength tuning, and a combination of both spectral characteristics are reported for several prototype devices.
Fabrication
One of the main advantages of using a CO 2 laser for fabricating LPFGs is the ability to use standard telecom single-mode fibers. No hydrogen loading or dopant is needed. In addition, fabricating LPFGs period by period gives a higher degree of control over the grating parameters and allows for monitoring the spectral response during fabrication. These features make CO 2 laser-induced LPFGs desirable. 11 Gratings are written into hydrogen-free Corning SMF-28 single-mode fiber using the configuration shown in Fig. 1 . A cylindrical lens is used to focus the CO 2 laser beam into a line. The fiber is aligned at a right angle to the focal line of the lens and is attached to a computer-controlled motorized stage that can be translated to create any desired grating period. A shutter is placed before the lens to control accurately the exposure time of the CO 2 laser beam. An optical spectrum analyzer, in combination with a broadband source, is used to monitor the transmission spectrum of the grating. 12 A polarizer is also used to control the CO 2 laser beam polarization. Other instruments such as an optical powermeter and a CO 2 laser spectrum analyzer are used for monitoring purposes. To view the fiber during fabrication, a camera with a highmagnification long-working-distance microscope is mounted above the fiber and connected to a video monitor. This allows any physical deformation to be observed.
The laser beam wavelength is set to 10.59 m since material reflectance is low and absorption is high at this wavelength. The entire fabrication process is computer controlled with a custom LabVIEW program. The fabrication program is designed to allow monitoring of the transmission spectrum as well as the laser power for each grating period. It also allows for continuous control of the shutter during fabrication. These features make it possible for the user to change the number of shutter exposures per period to tailor the transmission spectrum of the grating.
CO 2 Laser-Induced Long-Period Fiber Grating Characteristics
Because of the high absorption, CO 2 laser-induced LPFGs have azimuthally varying refractive-index profiles. Although the refractive-index change in an UV-induced grating occurs mainly in the fiber's core, 13 the index change induced by the CO 2 laser occurs over the entire optical fiber cross section and is higher on the side of the fiber toward the laser. 14 That is, when the fiber is exposed to the CO 2 laser beam, the absorption is higher on the fiber side that faces the beam. As a result of the azimuthal asymmetry, CO 2 induced LPFGs are sensitive to azimuthal orientation of the LPFG while the fiber is under flexure relative to the plane of curvature. 15 When testing a grating, various curvatures are applied over a wide range of axial orientations. A diagram of a curved LPFG is shown in Fig. 2 . The transmission spectrum is significantly affected by an axial rotation of the grating. 15 The azimuthal variation in the induced refractive index is an additional degree of freedom that can be used to alter the transmission characteristics as a function of bending. By careful selection of the appropriate axial orientation for a range of appropriate curvatures, the desired 
Initial experiments for flexing the LPFGs were performed by placing the fiber on a horizontal plastic platform with the grating at the center of that platform. The fiber was held under slight tension by hanging small weights on both sides of the platform. The grating was mechanically flexed by deflecting the platform upward by use of a micropositioner beneath the center of the platform. After applying the desired set of curvatures, the weights were lifted and the fiber was rotated by use of two manual rotation stages. 10 Through these initial experiments, variable attenuation at constant wavelength and wavelength tuning at constant attenuation were reported. 10 The observed tuning behavior with flexure suggested that it is possible to develop prototype VOA and OTF devices by use of a simple actuator.
Testing
To demonstrate the potential of using LPFGs for a variety of telecommunication applications, it was desired to assemble prototype devices. However, to accomplish this, extensive flexure testing of the LPFGs must be performed to establish curvature range and orientation that produces VOAs and OTFs. This required an automated system capable of rapid, unattended flexure testing of LPFGs to identify suitable gratings for prototype devices. In addition, a computer-controlled flexing platform is necessary to automate the testing process. The flexure platform uses a piezoelectric device developed by NASA Langley Research Center 16 and will be discussed in more detail in Section 5. Automating the testing procedure can reduce the testing time considerably, which allows for testing of more gratings in a shorter time period. At the same time, it enables a more complete characterization of the fiber gratings.
The testing configuration includes a broadband light source, an optical spectrum analyzer, a power supply, a motion controller, and a flexure testing apparatus as shown by the block diagram in Fig. 3 . The testing apparatus shown in Fig. 4 is used to hold the piezoelectric actuator while at the same time positioning the LPFG against the actuator. We controlled the piezoelectric actuator's curvature with the computer by varying the applied voltage. After testing the desired set of curvatures, the fiber was lifted off the platform, with an automated linear stage, and then rotated to a new axial orientation by use of two automated rotational stages. Then the fiber was brought back down and held against the flexure platform. Thus, there are two distinct steps during the testing procedure: flexing the piezoelectric actuator with the grating and rotating the fiber to a new axial orientation angle. These steps are controlled by a computer, which considerably reduces the testing time and eliminates the need for human intervention. Furthermore, it allows the testing of LPFGs with any desired axial orientation from 0°to 360°. 17 
Prototype Devices
The flexure platform uses a type of piezoelectric device developed by NASA Langley Research Center. This device is known as the thin layer unimorph ferroelectric driver and sensor ͑THUNDER͒. 16 This platform experiences a geometric change in dimension when a voltage is applied to it. Positive voltage ͑upper surface with respect to lower surface͒ allows the substrate to flatten and the platform to move downward. Conversely, with negative voltage the substrate arches upward. Electrical connections to the platform device were attached by use of ultrasonic aluminum wire bonding. The grating is centered on the platform substrate and tested in the apparatus described in Section 4. The THUNDER actuator was used both in testing and in flexing LPFGs in the prototype devices. These actuators were used because of their rigidity, small size, robustness, response time, and low cost.
The piezoelectric actuator used in the prototype devices proposed here is the THUNDER actuator model TH 11-R. This model is 76.2 mm long, 2.54 mm wide, and 0.74 mm thick. At 0 V, the curvature of the platform is approximately 6.1 m
Ϫ1
. When ap- . The actuator base was made of Plexiglas so that it would be simple, small, lightweight, and isolated. The LPFG is centered on the actuator and the grating is attached to both ends of the actuator by use of a silicone adhesive as shown in Fig. 5 .
The transmission spectrum of a prototype device that features VOA at a constant wavelength is shown in Fig. 6 . The grating period is 480 m and the number of periods was 48. The flexing device voltage supply varied from 150 to Ϫ450 V, which corresponds to a variable attenuation of 13 dB ͑ranging from Ϫ17 to Ϫ4 dB͒ at 1393 nm. Beyond this voltage range the attenuation decreased and the wavelength started to shift. The broadband loss of the device is 3 dB and the Ϫ12.5-dB bandwidth is 3.6 nm. For this prototype device, the amount of attenuation for each voltage step is not constant. As shown in the figure, a voltage step of 100 V could result in attenuation change from a minimum of 1.4 dB to a maximum of 4 dB.
A prototype device that features wavelength tuning at constant attenuation is shown in Fig. 7 . For this particular prototype device, the grating period is 480 m and the number of periods was 44. The flexing device voltage supply varied from 350 to 0 V, which corresponded to a wavelength tuning of 7 nm, from 1533 to 1540 nm at a constant attenuation of 30 dB. The broadband loss of the device is 3dB and the Ϫ12.5-dB bandwidth is 12.5 nm. The same results were reproduced after repeated testing of the prototype tuner device. The wavelength shift could be controlled by changing the voltage. For this particular prototype device, each 50-V step resulted in a wavelength shift of 1 nm.
Finally, an example prototype device that features a combination of variable optical attenuation and optical tunable filtering is shown in Fig. 8 . The prototype device includes a grating with a 480-m period and a total of 44 periods. The voltage varied from 300 to Ϫ100 V. This corresponds to a wavelength tuning of approximately 7 nm ͑from 1382.7 to 1375.7 nm͒. Simultaneously, the attenuation varied from Ϫ17.7 to Ϫ31.5 dB. 
Discussion and Summary
As a result of the simple fabrication method, CO 2 laser-induced LPFGs have significant potential in telecommunication applications for which variable optical attenuators and optical tunable filters are needed. The high absorption and one-sided exposure to the CO 2 laser beam result in azimuthal asymmetry in the refractive-index change profile of LPFGs. These azimuthal variations produce gratings that exhibit high sensitivity to axial rotation while under flexure. Through careful testing of the possible axial orientations and curvature ranges, variable optical attenuation and optical tunable filtering as well as a combination of both can be achieved. Prototype devices have been demonstrated for the first time, to our knowledge, using flexed long-period fiber gratings. Similar devices in other wavelength bands have been produced by fabrication of gratings with appropriate periods that produce tuning at other wavelength bands. The described prototypes have the desirable characteristics of simplicity, low cost, rigidity, and robustness.
